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-RXUQDO 6WUXFWXUDO+HDOWK0RQLWRULQJ
0DQXVFULSW,' 6+05
0DQXVFULSW7\SH 2ULJLQDO0DQXVFULSW
'DWH6XEPLWWHGE\WKH$XWKRU )HE
&RPSOHWH/LVWRI$XWKRUV (OIRUMDQL0RKDPHG8QLYHUVLW\RI+HUWIRUGVKLUH0HFKDQLFDO(QJLQHHULQJ
.H\ZRUGV $FRXVWLF(PLVVLRQ9LEUDWLRQ0HDVXUHPHQWV&RQGLWLRQ0RQLWRULQJ5HPDLQLQJ8VHIXO/LIH6ORZ6SHHG%HDULQJV$UWLILFLDO1HXUDO1HWZRUN
$EVWUDFW
7KHPRQLWRULQJDQGGLDJQRVLVRIUROOLQJHOHPHQWEHDULQJVZLWK$FRXVWLF
(PLVVLRQ$(DQGYLEUDWLRQPHDVXUHPHQWVKDVHYROYHGDVRQHRIWKHPXFK
XVHGWHFKQLTXHVIRUFRQGLWLRQPRQLWRULQJDQGGLDJQRVLVRIURWDWLQJ
PDFKLQHU\)XUWKHUUHFHQWGHYHORSPHQWVLQGLFDWHWKHGULYHWRZDUGV
LQWHJUDWLRQRIGLDJQRVLVDQGSURJQRVLVDOJRULWKPVLQIXWXUHLQWHJUDWHG
PDFKLQHKHDOWKPDQDJHPHQWV\VWHPV:LWKWKLVLQPLQGWKLVSDSHULVDQ
H[SHULPHQWDOVWXG\RIVORZVSHHGEHDULQJVLQDVWDUYHGOXEULFDWHGFRQWDFW
,WLQYHVWLJDWHVWKHLQIOXHQFHRIJUHDVHVWDUYDWLRQFRQGLWLRQVRQGHWHFWLRQ
DQGPRQLWRULQJQDWXUDOGHIHFWLQLWLDWLRQDQGSURSDJDWLRQXVLQJ$(
DSSURDFK)XUWKHUWKHH[SHULPHQWLVDLPHGDWDFRPSDULVRQRIUHVXOWV
DFTXLUHGE\$(DQGYLEUDWLRQGLDJQRVLVRQIXOOVFDOHD[LDOEHDULQJ,Q
DGGLWLRQWKHSDSHUDOVRFRQFHQWUDWHVRQWKHHVWLPDWLRQRIWKH5HPDLQLQJ
8VHIXO/LIH58/IRUEHDULQJVZKLOVWLQRSHUDWLRQ7RLPSOHPHQWWKLVD
PXOWLOD\HU$UWLILFLDO1HXUDO1HWZRUNPRGHO$11KDVEHHQSURSRVHGWR
FRUUHODWHWKHVHOHFWHG$(IHDWXUHVZLWKFRUUHVSRQGLQJEHDULQJZHDU
WKURXJKRXWODERUDWRU\H[SHULPHQWV([SHULPHQWVFRQILUPWKDWWKHREWDLQHG
UHVXOWVZHUHSURPLVLQJDQGVHOHFWLQJWKLVDSSURSULDWHVLJQDOSURFHVVLQJ
WHFKQLTXHFDQVLJQLILFDQWO\DIIHFWWKHGHIHFWLGHQWLILFDWLRQ



http://mc.manuscriptcentral.com/shmij
Structural Health Monitoring
For Peer Review

',$*126,6$1'352*126,62)6/2:63(('
%($5,1*%(+$9,28581'(5*5($6(67$59$7,21
&21',7,21
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$%675$&7
7KHPRQLWRULQJDQGGLDJQRVLVRIUROOLQJHOHPHQWEHDULQJVZLWK$FRXVWLF(PLVVLRQ$(
DQG YLEUDWLRQ PHDVXUHPHQWV KDV HYROYHG DV RQH RI WKH PXFK XVHG WHFKQLTXHV IRU
FRQGLWLRQPRQLWRULQJDQGGLDJQRVLVRIURWDWLQJPDFKLQHU\)XUWKHUUHFHQWGHYHORSPHQWV
LQGLFDWH WKHGULYH WRZDUGV LQWHJUDWLRQRIGLDJQRVLVDQGSURJQRVLV DOJRULWKPV LQ IXWXUH
LQWHJUDWHG PDFKLQH KHDOWK PDQDJHPHQW V\VWHPV:LWK WKLV LQ PLQG WKLV SDSHU LV DQ
H[SHULPHQWDOVWXG\RIVORZVSHHGEHDULQJVLQDVWDUYHGOXEULFDWHGFRQWDFW,WLQYHVWLJDWHV
WKHLQIOXHQFHRIJUHDVHVWDUYDWLRQFRQGLWLRQVRQGHWHFWLRQDQGPRQLWRULQJQDWXUDOGHIHFW
LQLWLDWLRQ DQG SURSDJDWLRQ XVLQJ $( DSSURDFK )XUWKHU WKH H[SHULPHQW LV DLPHG DW D
FRPSDULVRQ RI UHVXOWV DFTXLUHG E\ $( DQG YLEUDWLRQ GLDJQRVLV RQIXOO VFDOH D[LDO
EHDULQJ ,Q DGGLWLRQ WKH SDSHU DOVR FRQFHQWUDWHV RQ WKH HVWLPDWLRQ RI WKH 5HPDLQLQJ
8VHIXO /LIH 58/ IRU EHDULQJVZKLOVW LQ RSHUDWLRQ 7R LPSOHPHQW WKLV D PXOWLOD\HU
$UWLILFLDO1HXUDO1HWZRUNPRGHO$11KDVEHHQSURSRVHGWRFRUUHODWHWKHVHOHFWHG$(
IHDWXUHV ZLWK FRUUHVSRQGLQJ EHDULQJ ZHDU WKURXJKRXW ODERUDWRU\ H[SHULPHQWV
([SHULPHQWV FRQILUP WKDW WKH REWDLQHG UHVXOWV ZHUH SURPLVLQJ DQG VHOHFWLQJ WKLV
DSSURSULDWHVLJQDOSURFHVVLQJWHFKQLTXHFDQVLJQLILFDQWO\DIIHFWWKHGHIHFWLGHQWLILFDWLRQ
.H\ZRUGV $FRXVWLF (PLVVLRQ 9LEUDWLRQ 0HDVXUHPHQWV &RQGLWLRQ 0RQLWRULQJ
5HPDLQLQJ8VHIXO/LIH6ORZ6SHHG%HDULQJV$UWLILFLDO1HXUDO1HWZRUN
 ,1752'8&7,21
$WUHPHQGRXVDPRXQWRIZRUNKDVEHHQXQGHUWDNHQRYHUWKHODVW\HDUVLQGHYHORSLQJ
RIWKHDSSOLFDWLRQRIWKHFRQGLWLRQPRQLWRULQJWHFKQLTXHVIRUEHDULQJKHDOWKPRQLWRULQJ
>@$OWKRXJKDORWRIZRUNKDVEHHQXQGHUWDNHQLQWKHDUHDRIEHDULQJIDXOWGLDJQRVLV
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
WKHUHLVVWLOODQRQJRLQJQHHGIRUWKHDUHDRIEHDULQJSURJQRVLV0RVWRIWKHWHFKQLTXHV
WKDWDUHZLGHO\XVHGIRUKHDOWKPRQLWRULQJDQGSUHGLFWLRQRI58/DUHGLYLGHGLQWRWZR
PRGHOV >@ 7KH ILUVW PRGHO LV WKH PRGHO EDVHG RU SK\VLFVEDVHG PHWKRG ZKLFK
SUHGLFWV WKH 58/ EDVHG RQ WKH SURSDJDWLRQ RI WKH GDPDJH PHFKDQLVP 7KH VHFRQG
DSSURDFKLQYROYHVWKHGDWDGULYHQPHWKRGV,QWKLVPRGHOGDWDDFTXLUHGE\VHQVRUVDUH
IXUWKHUSURFHVVHG LQ UHOHYDQWPRGHOV SDUDPHWULFQRQSDUDPHWULF WRHVWLPDWH WKH58/
>@7RXVHWKHGDWDGULYHQPRGHOVVXIILFLHQWIDLOXUHGDWDVKRXOGEHSURYLGHGWRWUDLQWKH
SUHGLFWLRQ PRGHOV VXFK DV 1HXUDO 1HWZRUNV %D\HVLDQ 1HWZRUNV DQG 0DUNRYD
3URFHVVHV2YHUDQXPEHURIUHFHQW\HDUVDWWHPSWVWRHVWLPDWHWKHUHPDLQLQJXVHIXOOLIH
RIEHDULQJVKDYHEHHQDGGUHVVHGLQQXPEHURISXEOLFDWLRQV
1DWKDQHWDO>@IRULQVWDQFHXQGHUWRRNH[SHULPHQWDOEHDULQJWHVWVWRSUHGLFWWKH58/
RIDQDLUFUDIWHQJLQHEHDULQJ,QWKLVVWXG\DPRGHOEDVHGRQWKHVWHSVRIGHYHORSLQJWKH
VSDOOSURSDJDWLRQPHFKDQLVPZDVXVHG7RYDOLGDWH WKH UHVXOWVRI WKHGHYHORSHG58/
SUHGLFWLRQPHWKRG D IXOOVFDOHEHDULQJ WHVWZDV SHUIRUPHG ,WZDV SRVWXODWHG WKDW WKH
GHYHORSHGPRGHOFRXOGDFFXUDWHO\SUHGLFW WKHVSDOOSURSDJDWLRQDQGWKHFRUUHVSRQGLQJ
58/ 6KDR HW DO >@ SURSRVHG 3URJUHVVLRQ 3UHGLFWLRQ RI 5HPDLQLQJ /LIH 335/ RI
EHDULQJ ,Q WKLVPRGHO GLIIHUHQW SUHGLFWLRQPHWKRGVZHUH DSSOLHG WR GLIIHUHQW EHDULQJ
UXQQLQJ VWDJHV$QRWKHUPRGHO1HXUDO1HWZRUNEDVHG IRUSUHGLFWLQJEHDULQJ IDLOXUHV
ZDV GHYHORSHG E\*HEUDHHO HW DO >@*HEUDHHO FDPH XSZLWK D FRQFOXVLRQ WKDW EHVW
HVWLPDWLRQ RI EHDULQJ IDLOXUH WLPHV FDQ EH REWDLQHG E\ ZHLJKWHG DYHUDJH RI WKH
H[SRQHQWLDO SDUDPHWHUV ,Q KLV 3K' VWXG\ *KDIDUL >@ H[WUDFWHG YLEUDWLRQ VLJQDOV
IHDWXUHV WKDW ZHUH XVHG DV WKH LQSXW RI WKH GLDJQRVWLF PRGHO $GDSWLYH 1HXUR)X]]\
,QIHUHQFH6\VWHP$1),6ZDVXVHGWRHYDOXDWHWKHHIILFLHQF\RIEHDULQJSURJQRVLV,W
ZDVUHSRUWHGWKDWWKHWUDLQHG$1),6FRXOGVXFFHVVIXOO\FDSWXUHWKHGDPDJHSURSDJDWLRQ
EHKDYLRXUDQGSUHGLFWWKHIXWXUHVWDWHVRIWKHVDPHVHULHVRIEHDULQJVDWGLIIHUHQWVSHHG
DQGORDGFRQGLWLRQV
&RPSDUDWLYH LQYHVWLJDWLRQ RI WKH DFFXUDF\ EHWZHHQ WKUHH GLIIHUHQW WHFKQLTXHV WR
HVWLPDWH WKH EHDULQJ58/ZDV GRQH E\ 6XWULVQR HW DO >@0RYLQJ$YHUDJH 6SHFWUDO
.XUWRVLV DQG %D\HVLDQ 0RQWH &DUOR 6XSSRUW 9HFWRU 5HJUHVVLRQ DQG $QRPDO\
'HWHFWLRQKDYHEHHQDSSOLHG WRDQH[SHULPHQWDOGDWD VHW IURPVHYHQWHHQEDOOEHDULQJV
SURYLGHG E\ WKH )(07267 ,QVWLWXWH 6XWULVQR UHSRUWHG WKDW $QRPDO\ 'HWHFWLRQ
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
PHWKRGZDVIRXQGWREHWKHPRVWDFFXUDWHPHWKRGRYHUDOO*RHEHOHWDO>@XQGHUWRRN
DQRWKHU FRPSDUDWLYH UHVXOWV EHWZHHQ 5HOHYDQFH 9HFWRU 0DFKLQH 590 *DXVVLDQ
3URFHVV5HJUHVVLRQ*35DQGD1HXUDO1HWZRUNPRGHO2EWDLQHGUHVXOWVVKRZHGWKDW
HDFKDOJRULWKPSURGXFHGDVLJQLILFDQWGLIIHUHQWHVWLPDWLRQRI58/IURP WKHRWKHUV$
PDFKLQH SURJQRVWLFV PRGHO EDVHG RQ KHDOWK VWDWH HVWLPDWLRQ XVLQJ 6XSSRUW 9HFWRU
0DFKLQHV690KDVEHHQSURSRVHGLQDQXQGHUWDNHQLQYHVWLJDWLRQE\.LPHWDO>@
'DWDIURPIDXOW\EHDULQJFDVHVLQSXPSVXVHGIRU+LJK3UHVVXUH/LTXHILHG1DWXUDO*DV
/1*ZHUHDQDO\VHG5HVXOWVZHUHXVHGWRLGHQWLI\WKHIDLOXUHGHJUDGDWLRQSURFHVVDQG
IXUWKHUYDOLGDWHWKHIHDVLELOLW\RIWKHSURSRVHGPRGHOIRUDFFXUDWHDVVHVVPHQWRI58/
$QDUWLILFLDOQHXUDOQHWZRUN$11EDVHGPHWKRGZDVGHYHORSHGE\7LDQ>@)HDWXUHV
VXFK DV DJH DQG PXOWLSOH FRQGLWLRQ PRQLWRULQJ PHDVXUHPHQWV DW WKH SUHVHQW DQG
SUHYLRXVLQVSHFWLRQSRLQWVZHUHHPSOR\HGDV LQSXWVIRU WKHSURSRVHGPRGHO%DVHGRQ
WKHVH LQSXWV WKH$11PRGHO SURGXFHG WKHEHDULQJ OLIH SHUFHQWDJHDV WKHRXWSXW7LDQ
UHSRUWHG WKDWDFKLHYLQJDFFXUDWHXVHIXO OLIHSUHGLFWLRQXVLQJ WKHSURSRVHGPHWKRGZDV
REVHUYHG $QRWKHU $11 PRGHO EDVHG RQ WKH GDWD GULYHQ SURJQRVWLF PHWKRG ZDV
SURSRVHG E\ %HQ$OL HW DO >@ ,Q WKLV SURSRVHGPRGHO:HLEXOO'LVWULEXWLRQ :'
DORQJ ZLWK WKH 6LPSOLILHG )X]]\ $GDSWLYH 5HVRQDQFH 7KHRU\ 0DS 6)$0 QHXUDO
QHWZRUNZDVHPSOR\HGWRHVWLPDWHWKHEHDULQJV58/7RILWDQGDYRLGWKHIOXFWXDWLRQLQ
WKHPHDVXUHGWLPHGRPDLQGDWDDPRGLILHG:HLEXOO'LVWULEXWLRQIXQFWLRQZDVVHOHFWHG
)HDWXUHV DW SUHVHQW DQG SUHYLRXV LQVSHFWLRQ WLPH SRLQWVZHUH ILUVW H[WUDFWHG IURP WKH
WLPHGRPDLQ VLJQDOVDQG WKHQ ILWWHGXVLQJ WKH VHOHFWHG:')LWWHG506NXUWRVLVDQG
5RRW0HDQ6TXDUH(QWURS\(VWLPDWRU506((DIDXOWLQGLFDWRUWKDWZDVSURSRVHGE\
WKHDXWKRUVZHUHXVHGWRWUDLQWKH6)$0,WLVZRUWKPHQWLRQLQJWKDWIRUWKHDFFXUDF\
DVVHVVPHQWWKHSURSRVHGPRGHOZDVDOVRDSSOLHGWRXQILWWHGGDWD,WZDVSRVWXODWHGWKDW
WKHSURSRVHGWHFKQLTXHFRXOGUHOLDEO\SUHGLFWWKH58/DQGFDQEHH[SDQGHGWRLQFOXGH
WKHSURJQRVLVRIWKHRWKHUPHFKDQLFDOFRPSRQHQWV
0HMLDHWDO>@XWLOL]HG:DYHOHW3DFNHW'HFRPSRVLWLRQ:3'DQG*DXVVLDQV+LGGHQ
0DUNRY0RGHOV0R*+00WRHVWLPDWHWKHEHDULQJ58/:3'ZDVXVHGWRH[WUDFW
WKHUHOHYDQWLQIRUPDWLRQIURPWKHYLEUDWLRQEHDULQJVLJQDOV7KHVHIHDWXUHVDUHWKHQXVHG
WRWUDLQVHYHUDOEHKDYLRXUPRGHOVRI0R*+00DWGLIIHUHQWLQLWLDOVWDWHVDQGRSHUDWLQJ
FRQGLWLRQVRIWKHEHDULQJ&RPSDUDWLYHUHVXOWVEHWZHHQWKHHVWLPDWLRQRI58/XVLQJWKH
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
H[WUDFWHG WLPHGRPDLQ IHDWXUHVDQG WKHH[WUDFWHG WLPHIUHTXHQF\GRPDLQ IHDWXUHVZDV
DOVR SUHVHQWHG0HMLD FDPH XS ZLWK D FRQFOXVLRQ WKDW LV WKH H[WUDFWHG IHDWXUHV IURP
WLPHIUHTXHQF\GRPDLQDUHPRUHSUHFLVHLQDFKLHYLQJWKH58/,QDQRWKHULQYHVWLJDWLRQ
/RXWDV HW DO >@ KDV SUHVHQWHG DQRWKHU DSSURDFK IRU FRQGLWLRQ DVVHVVPHQW DQG OLIH
SUHGLFWLRQ7KLVPHWKRGLVPDLQO\EDVHGRQQRQOLQHDU6XSSRUW9HFWRU5HJUHVVLRQ695
ZKHUH D VHW RIPXOWLSOH VWDWLVWLFDO YLEUDWLRQ IHDWXUHV IURP WKH WLPH GRPDLQ IUHTXHQF\
GRPDLQ DQG WLPH VFDOH GRPDLQ WKURXJK DZDYHOHW WUDQVIRUP IHDWXUHVZHUH H[WUDFWHG
)XUWKHUWKHDXWKRUVDOVRXWLOL]HG:LHQHU(QWURS\:(IRUWKHFRQGLWLRQPRQLWRULQJRI
UROOLQJEHDULQJV3ULRU WR WHVWLQJ WKH695PRGHOZDV WUDLQHGDQG WXQHGRIIOLQHXVLQJ
WKHH[WUDFWHGIHDWXUHV8QVHHQGDWDZDVWKHQHPSOR\HGWRRQOLQH58/SUHGLFWLRQ7KH
DXWKRUV FODLPHG WKDW WKH UHVXOWV REWDLQHGE\ WKHSURSRVHGPRGHO VKRZHGD VLJQLILFDQW
FRQVLVWHQF\ZLWKWKHFRUUHVSRQGLQJDFWXDOEHDULQJGHJUDGDWLRQOHYHO
7KH PRQLWRULQJ DQG GLDJQRVLV RI UROOLQJ HOHPHQW EHDULQJV ZLWK WKH KLJK IUHTXHQF\
$FRXVWLF (PLVVLRQ $( WHFKQRORJ\ KDV EHHQ RQJRLQJ VLQFH WKH ODWH ¶V >@
-DPDOXGLQ HW DO >@ FRQGXFWHG DQ H[SHULPHQWDO ZRUN IRU PRQLWRULQJ RI VORZVSHHG
UROOLQJ EHDULQJ XVLQJ VWUHVV ZDYHV 7KLV VWXG\ SUHVHQWHG DQ LQYHVWLJDWLRQ LQWR WKH
DSSOLFDELOLW\RI VWUHVVZDYHDQDO\VLV IRUGHWHFWLQJHDUO\ VWDJHVRIEHDULQJGDPDJHDWD
URWDWLRQDO VSHHG RI  530 +] $WWHPSWV KDG EHHQ PDGH WR JHQHUDWH D
QDWXUDO GHIHFW RQWR WKHEHDULQJ FRPSRQHQWVE\ IDWLJXLQJ+RZHYHU DIWHUDOORZLQJ WKH
WHVW EHDULQJ WR RSHUDWH IRU D SHULRG RI  KRXUV ZKLOH XQGHU FRQGLWLRQV RI JUHDVH
VWDUYDWLRQ QR GHIHFW DQGRU ZHDU ZDV YLVXDOO\ GHWHFWDEOH RQ DQ\ RI WKH EHDULQJ
FRPSRQHQWV 7KLVZDV DWWULEXWHG WR WKH ORZ VSHHG SKHQRPHQD RI 530 DQG ODFN RI
FRQWDPLQDQWV WR LQLWLDWH DQG DFFHOHUDWH GHIHFWV ,Q IXUWKHU VWXG\ 0RUKDLQ HW DO >@
H[DPLQHGWKHDSSOLFDWLRQRIVWDQGDUG$(FKDUDFWHULVWLFSDUDPHWHUVRQDUDGLDOO\ORDGHG
EHDULQJ7KHXVHRIW\SLFDO$(SDUDPHWHUVVXFKDV506DQGFRXQWVZDVYDOLGDWHGDVD
UREXVW WHFKQLTXH IRU GHWHFWLQJ EHDULQJ GDPDJH 7KLV VWXG\ GHWHUPLQHG WKH PRVW
DSSURSULDWHWKUHVKROGOHYHOIRU$(FRXQWVGLDJQRVLVWKHILUVWNQRZQDWWHPSW
$O*KDPGL HW DO >@ FRQGXFWHG D FRPSDUDWLYH H[SHULPHQWDO VWXG\ RQ WKH XVH RI
$FRXVWLF (PLVVLRQ DQG YLEUDWLRQ DQDO\VLV IRU EHDULQJ GHIHFW LGHQWLILFDWLRQ DQG
HVWLPDWLRQRIGHIHFWVL]H7KLVVWXG\VKRZHGWKDW$(FDQRIIHUHDUOLHUIDXOWGHWHFWLRQDQG
LPSURYHG LGHQWLILFDWLRQ FDSDELOLWLHV WKDQ YLEUDWLRQ DQDO\VLV )XUWKHUPRUH WKH $(
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LVZRUWKPHQWLRQLQJWKDW<RVKLRNDHPSOR\HGDEHDULQJZLWKRQO\WKUHHUROOLQJHOHPHQWV
ZKLFK LV QRW UHSUHVHQWDWLYH RI D W\SLFDO RSHUDWLRQDO EHDULQJ 0RUHRYHU <RVKLRND
WHUPLQDWHG$( WHVWV RQFH$( DFWLYLW\ LQFUHDVHG DV VXFK WKH SURSDJDWLRQ RI LGHQWLILHG
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EXW DOVR LWV SURSDJDWLRQ WR VSDOOV RU VXUIDFH GHIHFWV RQ D FRQYHQWLRQDO VORZ VSHHG
EHDULQJZLWKWKHFRPSOHWHVHWRIUROOLQJHOHPHQWV(OIRUMDQLDOVRVKRZHGWKHVLJQLILFDQW
DGYDQWDJHVRI$(RYHUWKHZHOOHVWDEOLVKHGYLEUDWLRQPRQLWRULQJWHFKQLTXHLQGHWHFWLQJ
WKHORVVRIPHFKDQLFDOLQWHJULW\DWHDUO\VWDJHV>@+RZHYHUWRVSHHGXSQDWXUDOFUDFN
LQLWLDWLRQ(OIRUMDQLHPSOR\HGDFRPELQDWLRQRIDWKUXVWEDOOEHDULQJDQGDWKUXVWUROOHU
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A specially designed test rig that encouraged the natural damage condition of a test 
bearing was employed. To speed up crack initiation, a very small amount of lubricant 
has been added to a thrust ball bearing (SKF 51210), shown in figure 1. It is worth 
mentioning that this small amount of grease was neither weighed nor its thickness was 
measured; just a random small amount of grease was added to the bearing ring prior to 
testing.  The  reason  behind  this  is  to  simulate  the  real  world  applications  where  the 
measurements or prediction of the amount of lubricant inside the bearing, whilst in 
operation, are very challenging. This is due to the accessibility problems such as bearing 
location and/or bearing geometry. Further, very sophisticated and costly devices are 
required  to  carry  out  the  oil  and  lubricant  analysis  that  is  very  often  undertaken 
offline. As a result of that, this approach allowed the test bearing to operate under 
conditions of grease starvation within a few operating period depending on the load 
condition before natural fatigue could be initiated on the bearing cage.  
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The test-rig, presented in figure 2, was employed for this investigation. It consisted of a 
hydraulic loading device, an eclectic motor (MOTOVARIO-Type HA52 B3-B6-B7 j20, 
46-Lubricated: AGIP), a coupling and a supporting structure. The test bearing was 
positioned between the stationary thrust loading shaft and the rotating disk which 
housed one of the bearing races. The second race was fitted onto the loading shaft in a 
specifically designed housing. This housing was constructed to allow for placement of 
AE sensor and thermocouple directly onto the bearing race. The thrust shaft was driven 
by a hydraulic cylinder (Hi-Force HYDRAULICS-MODEL No: HP110-HAND PUMP-
SINGLE SPEED-WORKING PRESSURE: 700 BAR) which moved forwards to load 
the bearing and backwards for allow periodical inspections and replacements of the test 
bearing. The rotating disk was driven by a shaft attached to the motor with an output 
speed of 72 rpm. A thrust bearing (SKF 81214 TN) was placed between the coupling 
and the test bearing to react the axial load. A coupling system was carefully selected to 
absorb any vibration as a result of attaching the shaft to the motor.  
For Peer Review
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Under normal conditions of rotational speed, load, good alignment and grease starvation 
conditions, natural damage begins with small cracks, located on the rolling elements 
cage, which generated detectable AE signals. For this particular paper four experimental 
cases are presented that reflect the general observations associated with experimental 
tests at loads ranging from 20, 25, 30 and 35 kN. The tests were terminated once a 
significant rise in AE levels, vibration and temperature measurements, was 
observed. This led to different test  periods based on the operating conditions.  In 
addition to the load and operation under grease starvation conditions, this 
variation  might  also  be  attributed  to  issues  such  as  misalignment,  unbalance,  etc; 
however, best efforts were made to minimise this.  
Observations of continuous monitoring of the AE levels, in addition to vibration and 
bearing temperature parameters are presented in figures 3 to 6. At the end of the test 
(7200 seconds and Load = 35 kN) there was visible surface damage on the bearing cage. 
It was observed that at approximately 4320 seconds into operation AE levels began to 
increase steadily. This was not observed on the vibration measurements though 
vibration levels increased after 5760 seconds of operation; much later that was detected 
by AE, reinforcing the widely acknowledged view that AE is more sensitive than 
vibration for bearing defect identification [23].  The increase in AE energy levels from 
earlier in the test run between 720 to 2160 seconds to the condition of damage was in the
 order of 600%, presented in figure 3. The percentage of the increase in AE levels in the 
load cases of (20, 25 and 30 kN) was about 400%, 900% and 600% respectively. 
After run-in stage in the low load cases (30, 25 and 20 kN), all measured AE and 
vibration parameters remained almost constant. Significant increase in AE activity from 
5400, 8000 and 8000 seconds of operation was observed whilst vibration measurements 
showing transient increase at 7200, 12000 and 11000 seconds of operation in the load 
cases of 30, 25 and 20 kN respectively, shown in figures 4 to 6. Observations from 
figures also reinforce the global opinion that AE tends to be noisy and spiky when 
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the well-developed defect is pronounced whilst the vibration steadily increases due to the
 excitation of the natural structural frequency of the system component. Also continuous 
monitoring of AE activity showed that the onset of the significant rise in AE levels was 
earlier observed in the load case of 20 kN than the load case of 25 kN, see figures 5 and 
6, reinforcing the acknowledged view that the variation in actual test period leading 
to fully developed damage on the bearing was unpredictable.  
at an average of 35oC after the run-in stage. The measurement of temperature was 
undertaken to  assess  the  consistency of  lubricant  viscosity  throughout  the  test 
period. The significant variation in the trend of this indicator will also help to 
identify whether the friction properties between the bearing elements are relatively 
constant or not. On the termination of tests a maximum temperature of 46oC for the 
load cases of 35 and 30 kN was r corded whilst lower temperature value of 36oC on the 
termination of tests was registered for the load cases of 25 and 20 kN, see figures 3 to 6. 
On termination of the tests, a visual inspection revealed a severe surface damage on the 
bearing cage, see figure 7. This suggested that there was a slippage between the 
rolling elements and the bearing rings as a result of the starving lubricant contact, which 
greatly increased the pressure, friction and wear and eventually reduced the bearing life.  
Observations of the AE waveforms, sampled at 2 MHz showed changing characteristics 
as a function of time. These AE waveforms, associated with the observations of the 
bearing test shown in figure 3, are presented in figures 8, where a typical AE waveform 
associated with spurious AE transient events is presented after 4320 seconds of 
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operation. The waveform at this time of operation shows an AE transient bursts this is 
attributed to the onset of ‘less mature’ damage on the bearing. At 7200 seconds 
operation, significant AE transient events associated with the fully developed defect on 
the bearing are clearly noted, see figure 8. This highlighted the fact that AE waveforms 
are just as sensitive to changes in bearing mechanical state as the continuous 
measurement of AE energy.  
 
As surface defects on the bearing cage, such as spalls, are continually developing it is 
postulated that a newly formed spall  will  contribute relatively higher AE events as the 
edges of this newly formed defect will be rougher in comparison to an already existing 
spall which becomes smoothened with the passage of time. This assumption was made 
based on the several tests undertaken prior to the reported cases. Results from these 
pre-tests  along with  the  visual  inspection showed that  significant  rise  in  AE,  vibration 
and temperature is a clear indication of new formed spalls on the bearing cage. This also
 explains the sharp bursts of AE activity noted during observations of continuously 
monitored AE energy levels, see figure 3. Even though the overall levels are increasing 
from 4320 seconds,  relatively  large transient  rises  were noted during the period from 
5040 seconds to 7200 seconds. The author believes that these large transient burst
 are  attributed  to  regions  that  have  newly  developed  surface  damage;  this  is  an 
evolutionary process giving rise to peaks and troughs in AE levels. 
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WKH DFTXLUHG GDWD PD\ OHDG WR ORVH WKH VLJQLILFDQFH RI WKH FDUU\LQJ LQIRUPDWLRQ
2SHUDWRUVDUHYHU\RIWHQFDUHIXOLQVHOHFWLQJUHSUHVHQWDWLYHIDXOWLQGH[WRROVWRLQWHUSUHW
WKHVLJQDOWUHQG,WZDVWKRXJKWSUXGHQWWRDVFHUWDLQZKLFKSURFHVVLQJWHFKQLTXHVFRXOG
HPSOR\ WKH WUDQVLHQW FKDUDFWHULVWLFV QRWHG WKXV IDU LQ GHWHUPLQLQJ WKH EHDULQJ
PHFKDQLFDO FRQGLWLRQ %DVHG RQ WKH DVVXPSWLRQ WKDW D IHDWXUH WKDW PRQRWRQLFDOO\
LQFUHDVHV RYHU WLPH LV WKH LGHDO GHJUDGDWLRQ VLJQDO >@ WKH DXWKRU VHOHFWHG $( 506
DORQJ ZLWK D QHZ GLPHQVLRQOHVV IDXOW LQGLFDWRU WHFKQLTXH 6LJQDO ,QWHQVLW\ (VWLPDWRU
6,(SURSRVHGE\WKHDXWKRU
 6,*1$/,17(16,7<(67,0$7256,(
:KLOVWWKH5RRW0HDQ6TXDUH506LVRQHRIWKHZLGHO\XVHGVWDWLVWLFDOSDUDPHWHUVIRU
FRQGLWLRQ PRQLWRULQJ PHDVXUHPHQWV LW LV W\SLFDOO\ UHFRUGHG RYHU D SUHGHILQHG WLPH
FRQVWDQW$VVXFKWKH506YDOXHVIRUWKHFDVHRIGHQVHUGDWDVXFKDV$(GDWDDUHQRW
QHFHVVDULO\VHQVLWLYHWR WUDQVLHQWFKDQJHVZKLFKW\SLFDOO\DUHRIDIHZPLFURVHFRQGV
7R RYHUFRPH WKH LQDGHTXDF\ LQ WKH XVH RI WKH506 D UHODWLYHO\PRUH VHQVLWLYH DQG
UREXVWWHFKQLTXHEDVHGRQWKHFXPXODWLYHVXPVKDVEHHQSURSRVHGWKH6LJQDO,QWHQVLW\
(VWLPDWRU6,(
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SIE can be defined as the ratio of the sum of cumulative sum of a defined segment, 
window, (SCSsegment) in a given signal to the overall sum of cumulative sum (SCSoverall) 
of the same signal. This ratio is then multiplied by a magnification factor (MAGF). The 
advantage of the dimensionless SIE is that it can reduce the complexity of the problem as
 its  result  is  numerical  values  without  physical  dimensions.  This  in  turn will  allow the 
user to perform any analysis for any condition monitoring data (e.g. vibration, AE, etc.) 
irrespective of their physical units. The SIE envelops the data without losing the 
information carried by the signal. The advantage of the SIE over the classical 
For Peer Review
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 7RREWDLQRSWLPDO6,(YDOXHVLJQDOVKRXOGEHUHFWLILHGDVWKHILUVWVWHS
 7KH6LJQDO,QWHQVLW\(VWLPDWRU6,(LVFDOFXODWHGXVLQJWKHIROORZLQJHTXDWLRQ
  
6&6VHJPHQW6,( 0$*)6&6RYHUDOO
  

 :LWKWKHNQRZOHGJHRIWKHVL]HRIDJLYHQVLJQDO1DQGWKHVL]HRIHDFKVHJPHQW
QWKH0$*)FDQEHGHULYHGDV
 0$*) :D    
 
1RYHUDOOZKHUH: QVHJPHQW
   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
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 :LWK WKH XVH RI WKH SURSRUWLRQDOLW\ FRQVWDQW N WKH 0$*) FDQ VLPSO\ EH
FDOFXODWHGDV
envelope and the other parameters is that the SIE is a normalised piecewise 
segment technique whilst the envelope is based on the entire signal. This means that 
the SIE dose not only display the ratio of the total at any given time but also it can chart 
statistic that involves current and previous data values from the process. This helps to 
track how the sample values deviate  from a target  value and also improves the 
ability to detect micro-changes. Besides it resolves the problem in the cases of small 
values of the calculated SIE, the MAGF also plays a vital role to overcome the 
problem of  selecting  the  size  of  a  given window.  The author  assumed that  there  is  a 
direct proportionality between the MAGF and the selected number of the windows 
(W). This means the higher number of W the higher MAGF and vice versa. This 
proportionality produced a constant (k) that is highly dependent on the type of the data. 
For high dimensionality data, such as the case of continuous acquiring of AE data, high 
W and small k are preferred whilst small W and high k are better for low 
dimensionality measurements. Mathematical expressions that are required to perform 
the SIE analysis are explained as following: 
For Peer Review
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7KH QH[W SKDVH RI WKLV LQYHVWLJDWLRQ LQYROYHG WKH DVFHUWDLQPHQW RI KRZ VWURQJ WKH
PRQRWRQLF UHODWLRQVKLS LV EHWZHHQ WKH 6,( DQG WKH WLPH GXUDWLRQ RI WKH WHVWV 7R
LPSOHPHQW WKLV ZKDWVRFDOOHG FRUUHODWLRQ FRHIILFLHQW ZDV FDOFXODWHG XVLQJ 3HDUVRQ
V
3URGXFW0RPHQW &RUUHODWLRQ ,Q JHQHUDO FRUUHODWLRQ FDQ EH GHILQHG DV D FODVV RI
VWDWLVWLFDOUHODWLRQVKLSEHWZHHQYDULDEOHV)URPWKHUHVXOWVSUHVHQWHGLQWDEOHLWFDQEH
It is worth mentioning that the above values of k have been suggested based on the 
results of the iterative process, undertaken, to achieve the optimal values. Further, these 
values are used for the continuous monitoring of the degrading bearing whilst large 
values of k are used for the analysis of waveforms. In application, SIE value of one, 
between two adjacent segments, is associated with non-transient type signals and 
greater than one where transient characteristics are present. Selection the size of the 
segment was justified by an iterative process. For this particular investigation AE 
signals,  recorded throughout the bearing tests,  were split  into several windows each of 
which contains 20 segments and the optimal value of k was found to be 4.  
The trend of SIE was completely consistent with the general trend of AE energy 
presented  in  figures  3  to  6.  Steady  trend  of  AE  energy,  SIE  and  RMS  noted  in  the 
termination of the tests is due an already existing spalls, which became smoothened with 
the passage of time, see figure 7, and will not contribute relatively higher AE events until
 newly defect is formed. This confirms the author’s belief that the SIE is reliable, robust
 and  sensitive  to  the  detection  of  incipient  cracks  and  surface  spalls.  It  can 
successfully be employed for condition monitoring of rotating machines. 
For Peer Review
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VHHQWKDWWUXHFRUUHODWLRQEHWZHHQ6,(ZLWKWLPHLVQRWHTXDOWR)URPSYDOXHWKDWLV
OHVVDQGWKHSRVLWLYHVLJQRIWKHFRUUHODWLRQFRHIILFLHQWLWFDQEHFRQFOXGHGWKDW6,(
LV VWURQJO\ FRUUHODWHGZLWK WLPHDVVRFLDWLRQEHWZHHQ WKHVH WZR SDUDPHWHUV DUH VWURQJ
6WURQJ0RQRWRQLF5HODWLRQVKLS
7DEOH&RUUHODWLRQ$QDO\VLV
 ),77,1*2)$(6,*1$/)($785(6
$VPHQWLRQHG LQ WKH SUHYLRXV VHFWLRQ WKDW WKH DFTXLUHG GDWD LV DFFRPSDQLHGZLWK DQ
H[WHUQDOQRLVHWKDWVLJQLILFDQWO\LQIOXHQFHVWKHILQDO LQWHUSUHWDWLRQRI WKHJHQHUDO WUHQG
$OWKRXJK LWZDVREVHUYHG LQ WKHSUHYLRXV VHFWLRQV WKDW WKHEHDULQJ IDLOXUH WKURXJKRXW
WHVWLQJSHULRGZDVUHODWLYHO\DPRQRWRQLFSURFHVVWKHDFTXLUHGGDWDFDQQRWEHGLUHFWO\
IHG WR WKH SUHGLFWLRQPRGHOV7KLV LV EHFDXVH WKDW DQ\ QRLVH LQ WKH DFTXLUHGGDWDZLOO
VLJQLILFDQWO\ GLVWXUE WKH SHUIRUPDQFH RI WKHPRGHO DQG VXEVHTXHQWO\ LWV FDSDELOLW\ WR
DFFXUDWHO\SUHGLFWWKHKHDOWKFRQGLWLRQRIWKHEHDULQJVSUHGLFWLRQPRGHOVLQVXFKDFDVH
ZLOOIROORZWKHUDQGRPQHVV7RRYHUFRPHWKLVLVVXHWKHUDZGDWDKDYHWREHILWWHGXVLQJ
DSSURSULDWH PDWKHPDWLFDO IXQFWLRQV 7R UHSUHVHQW WUHQGV LQ WKH GHJUDGDWLRQ VLJQDOV
RULJLQDWLQJIURPEHDULQJVOLQHDURUH[SRQHQWLDOPRGHOVZHUHZLGHO\HPSOR\HG,QWKLV
UHVHDUFKZRUNVHYHUDOOLQHDUDQGH[SRQHQWLDOIXQFWLRQKDYHEHHQDSSOLHGWRWKHDFTXLUHG
GDWD)LQDOO\WKHIROORZLQJH[SRQHQWLDOVLJPRLGPRGHOZDVSURSRVHGWRILWWKHH[WUDFWHG
IHDWXUHVILUVWDQGWKHQXVHWKHILWWHGYDOXHVDVLQSXWVWRWKHSUHGLFWLRQPRGHO
 
 

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 
  
7KLV IXQFWLRQFRXOG ILW WKHGLIIHUHQW EHDULQJ FDVHV WKDW XVHG IRUFRQVWUXFWLQJ WUDLQLQJ
YDOLGDWLRQDQGWHVWLQJWKHSUHGLFWLRQPRGHO,QWKHDERYHIXQFWLRQILVWKHPDJQLWXGHRI
WKHVLJQDOIHDWXUHKHUHILVWKHYDOXHRI6,(DQGRU506DEDQG[RDUHWKHPRGHO
FRQVWDQWVDQGWLVWKHWLPH7KHFRQVWDQW\RLVXVHGKHUHWRLQGLFDWHWKHYDOXHZKHQ
WKHGHJUDGDWLRQWLPHLVHTXDOWR]HUR7RILQGWKHRSWLPDOYDOXHVIRUWKHDERYHIXQFWLRQ
FRQVWDQWVDE[RDQG\R
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 

I \
H
WKDWFDQILWDOOWKHWHVWHGPHDVXUHPHQWVHULHVWKHSRSXODUOHDVW
VTXDUHPHWKRGZDVDSSOLHGWRWKHIRXUEHDULQJFDVHVfigures 9 and 10 VKRZWKHILWWHG
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)LJXUH$FWXDODQG)LWWHG6,(
)LJXUH$FWXDODQG)LWWHG506
7DEOH(VWLPDWHG&RQVWDQWVIRUWKH([SRQHQWLDO0RGHO
7DEOH*OREDO*RRGQHVVRI)LWIRUWKH([SRQHQWLDO0RGHO
 08/7,/$<(5$57,),&,$/1(85$/1(7:25.$11
$UWLILFLDO 1HXUDO 1HWZRUNV $11 DUH D VXSHUYLVHGPDFKLQH OHDUQLQJ W\SH 7KH\ DUH
LQVSLUHGE\ELRORJLFDOQHXUDOQHWZRUNVDQGHDFKQHXURQLVUHSUHVHQWHGE\DQRGH>@,W
LVEDVLFDOO\DGLUHFWHGJUDSKZKHUHHDFKHGJHKDVDZHLJKW7KHVHQHXUDOQHWZRUNVDUH
FDSDEOH RI OHDUQLQJ E\ FKDQJLQJ WKH ZHLJKWV RI WKHLU FRQQHFWLRQV > DQG @
&RPSRQHQWV RI$11 LV GHILQHG DV WKH1HXUDO1HWZRUN$UFKLWHFWXUHZKLFK LQYROYHV
LQSXWQHXURQVRXWSXWQHXURQVKLGGHQQHXURQVDQGELDVQHXURQV7KHLQSXWQHXURQVKDV
QRSURFHVVLQJDQGDUHXVHGWRSURYLGHLQSXWVLJQDOV2QWKHRWKHUKDQGRXWSXWQHXURQV
SURFHVVWKHXQLWVDQGDUHXVHGWRJHWWKHRXWSXW7KHWDVNRIWKHKLGGHQQHXURQVLVWRDGG
DGGLWLRQDOSURFHVVLQJIRUWKHXQLWVWRDFKLHYHDFRQYHUJHGVROXWLRQ7KHELDVQHXURQVDUH
HPSOR\HGWRDYRLG]HURUHVXOWVHYHQLIWKHLQSXWVDUH]HUR
,WLVZRUWKPHQWLRQLQJWKDWWKHELDVQHXURQVDUHQRWFRQQHFWHGWRWKHLQSXWQHXURQVDQG
QRUPDOO\ WKHLU YDOXHV VHW WR RQH 1HXURQV DUH FRQQHFWHG ZLWK HDFK RWKHU WKURXJK D
FRQQHFWLRQ ZHLJKWV V\QDSWLF ZHLJKWV WKDW DUH XVHG WR VLJQLI\ WKH VWUHQJWK RI WKH
FRQQHFWLRQDQG WKHUHIRUH WKHKLJKHU WKHZHLJKW WKHKLJKHU VWUHQJWKRI WKDW FRQQHFWLRQ
>@7KLVZLOODOVROHDGWRKLJKHURIWKHHIIHFWRIWKHSURFHVVLQJ7KHHGJHZHLJKWVKDYH
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EHDULQJ FDVHV 7KHVH FDVHV ZLOO EH XVHG IRU FRQVWUXFWLQJ WUDLQLQJ DQG YDOLGDWLQJ WKH
SUHGLFWLRQ PRGHO VHH WKH IROORZLQJ VHFWLRQV Tables 2 and 3 DOVR VXPPDUL]H WKH
JHQHUDO RSWLPDO HVWLPDWHG FRQVWDQWV DQG JOREDO JRRGQHVV RI ILW IRU WKH H[SRQHQWLDO
PRGHO
Results from the fitted data and parameters of global goodness of fit  showed that the 
suggested model could well fit the extracted SIE and RMS values, see figures 9 to 10 
and table 3.  
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D UDQGRP YDOXH DW WKH EHJLQQLQJ DQG WKH\ DUH XSGDWHG DFFRUGLQJO\ 7KH FRQQHFWLRQ
EHWZHHQ WKHQHXURQV LVGLUHFWLRQDO QDPHO\ FRQQHFWLRQ IURP IRU LQVWDQFHQ WRQ LV
GLIIHUHQW IURP WKH FRQQHFWLRQ IURPQ WRQ >@ ,Q JHQHUDO WKHUH DUH WZR NLQGV RI
QHXUDO QHWZRUNV +RSILHOG 1HXUDO 1HWZRUN DQG )HHGIRUZDUG1HXUDO 1HWZRUN ,Q WKH
IRUPHUHDFKQHXURQLVFRQQHFWHGWRHYHU\RWKHUQHXURQVZKLOVWWKHUHDUHGLUHFWHGHGJHV
IURPLQSXWOD\HUWRKLGGHQOD\HUDQGIURPKLGGHQOD\HUWRRXWSXWOD\HULQWKHODWWHU>@
,Q WKH $11 VWUXFWXUH DFWLYDWLRQ IXQFWLRQV IRU H[DPSOH OLQHDU IXQFWLRQ K\SHUEROLF
WDQJHQWDQGRUVLJPRLGIXQFWLRQVDUHH[WHQVLYHO\DOVRXVHG7KHVHIXQFWLRQVWDNHVRPH
ZHLJKWVRIWKHLQSXWVLJQDOVDQGSHUIRUPVRPHDFWLRQV
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7KHPRGHOLVFDOOHGDWUDLQHGPRGHOZKHQWKHZHLJKWVZHUHDGMXVWHGIRUPLQLPXPHUURU
(7KHUHDUH WZR W\SHVRI HUURUV ORFDO HUURU DQGJOREDO RUQHWZRUN HUURU7KH ORFDO
HUURULVWKHGLIIHUHQFHEHWZHHQWKHLGHDOYDOXHDQGWKHDFWXDOYDOXHZKHUHDVWKHJOREDO
HUURU LVDFXPXODWLYHHIIHFWRIDOO ORFDOHUURUV ,Q WKH WUDLQLQJSURFHVV LQWHUFRQQHFWLRQ
ZHLJKWVDUHDGMXVWHG VR WKDW WKHJOREDOHUURU LV OHVV WKDQVRPH3UHGHILQHG/HYHO PL
7KLVSUHGHILQHGOLPLW LVYHU\VHQVLWLYHDV LQ WKHFDVHRIDKLJKOLPLW WKHPRGHOZLOOEH
XQGHUWUDLQHGZKLOVWORZOLPLWZLOOOHDGWRRYHUWUDLQHGPRGHO)RUWKHWUDLQLQJSXUSRVH
GLIIHUHQW DOJRULWKPV ZLWK GLIIHUHQW UXOHV WR XSGDWH ZHLJKWV GLIIHUHQW FDOFXODWLRQ
PHWKRGVIRUJOREDOHUURUVDQGGLIIHUHQWIORZFKDUWVDUHXVHG7KHPRVWFRPPRQWUDLQLQJ
DOJRULWKPV LQFOXGH %DFN3URSDJDWLRQ DOJRULWKP 5HVLOLHQW3URSDJDWLRQ DOJRULWKP
4XLFN3URSDJDWLRQ DOJRULWKP DQG LMA DOJRULWKP > DQG @ 7KH DOJRULWKP
WHUPLQDWHV WKH WUDLQLQJ SURFHVV ZKHQ WKH QHWZRUN HUURU UDWH LV VPDOO 7R VHOHFW DQ
DSSURSULDWHWUDLQLQJDOJRULWKPDFFXUDF\UHTXLUHGFRPSXWDWLRQDOUHVRXUFHVDQGWUDLQLQJ
WLPHPXVWEHFRQVLGHUHG
,QWKLVUHVHDUFKZRUNDQ$11PRGHOZDVSURSRVHGWRHVWLPDWHWKH58/IRUVORZVSHHG
EHDULQJV7KHPRGHO LVD)HHGIRUZDUG$11PRGHOZLWKWKUHHOD\HUVDWEHJLQQLQJWKDW
ZHUHXVHGIRUFRQVWUXFWLQJWKH$11PRGHORQHLQSXW OD\HURQHRXWSXWOD\HUDQGRQH
KLGGHQ OD\HU ZLWK FKDQJHDEOH QXPEHU RI QHXURQV LQ WKH KLGGHQ OD\HU 7KH PRGHO
SDUDPHWHUVVXFKDVWKHQXPEHURIKLGGHQOD\HUVDOJRULWKPW\SHDQGOHDUQLQJUDWHZHUH
NHSWFKDQJLQJXQWLOWKHEHVWSHUIRUPDQFHZDVDFKLHYHG7KHEHVWUHVXOWVHYHQWXDOO\ZHUH
REWDLQHG E\ DQ $11 PRGHO FRQWDLQLQJ RQH LQSXW OD\HU ZLWK WZR LQSXWV SDUDPHWHUV
UHSUHVHQWV WKH 6,( DQG506 YDOXHV RQH RXWSXW OD\HU UHSUHVHQWV WKH HVWLPDWHG58/
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OD\HU DQG VHYHQ QHXURQV LQ WKH WKLUG OD\HU )RU WKH EHVW WUDLQLQJ WKH 5HVLOLHQW%DFN
3URSDJDWLRQDOJRULWKPDQGWKHDFWLYDWLRQVLJPRLGIXQFWLRQORJLVWLFZHUHVHOHFWHG
)LJXUH6FKHPDWLFRIWKH3URSRVHG$110RGHO
)LJXUH$116WUXFWXUH7ZR,QSXWV506	6,(
)LJXUH$116WUXFWXUH2QH,QSXW6,(
)LJXUH$116WUXFWXUH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
7KH58/WKH(UURUDQG6XPRI6TXDUH(UURU(66ZHUHFDOFXODWHGXVLQJWKHHTXDWLRQV
DQGUHVSHFWLYHO\
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7KH6,(DQG506ZHUHFDOFXODWHGIURPWKHDFTXLUHG$(GDWDDQGIXUWKHUILWWHGSULRUWR
WKH WUDLQLQJ SURFHVV The  challenging  question  was  that  is  the  proposed  SIE  a  good 
choice for predicting RUL. Hens, a feasibility study or assessment was conducted for 
three different ANN models. The first model involved the RMS and SIE as inputs to
the  ANN  model.  The  second  model  included  SIE  as  a  solely  input  whereas  the  third 
model employed RMS only.7KHORDGFDVHRIN1ZDVVHOHFWHGWRWUDLQWKHWKUHH$11
PRGHOV DQG WKH ILWWHG GDWD ZDV SDVVHGWR WKH PRGHOV 7KH VHOHFWHG DOJRULWKPLQ  WXUQ
VWDUWHG WR WUDLQ WKH PRGHO  6HYHUDO UXQVDFFRPSDQLHG ZLWKDGMXVWLQJ DQG WXQLQJWKH
$11 SDUDPHWHUV VXFK DV ZHLJKWV QXPEHU RI KLGGHQ OD\HUV HWF  ZHUH PDGH WR
PLQLPL]H WKH JOREDO HUURU (YHQWXDOO\ WKH XVHG DOJRULWKP WHUPLQDWHG WKH WUDLQLQJ
SURFHVVRQFHWKHHUURUDSSURDFKHGDOPRVW]HURYDOXHLWUHFRUGHGWKHPLQLPXPYDOXH
7KHPLQLPXP UHJLVWHUHG HUURUZDV   DQG IRU$11PRGHOZLWK WZR LQSXWV
$11PRGHOZLWK6,(DQG$11PRGHOZLWK506UHVSHFWLYHO\7KHQH[WSKDVHLQYROYHG
YDOLGDWLQJWKHWUDLQHGPRGHOV7KLVLPSOHPHQWHGE\SDVVLQJWKHILWWHGGDWDIURPWKHORDG
FDVHVDQGN1WRWKHWUDLQHGPRGHOV7KHVWHSVIROORZHGIURPWKHWUDLQLQJRI
WKHSURSRVHG$11PRGHOXQWLO WKHHVWLPDWLRQRI WKH58/DUHSUHVHQWHG LQ ILJXUH
Figures  12  to  14  show  the  final  structure  of  the  proposed  ANN  models  that  used  to 
estimate the bearing RUL. 
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   $FWXDO 58/ (VWLPDWHG 58/$FWXDO 58/(UURU [    

 

  
Q
LL
6RPH 6TXDUH (UURU (66 (UURU
 
 ¦
    
:KHUHWI LV WKHWLPHDWZKLFKWKHIXOO\PDWXUHIDLOXUH LVIRUPHGIRUPRUHGHWDLOV LQ
WKLVSDUWLFXODULQYHVWLJDWLRQWKLVWLPHZDVVHOHFWHGDVWKHWHUPLQDWLRQRIWKHWHVWSHULRG
7KHWF
)LJXUH$115HVXOWV7ZR,QSXWV506	6,(
)LJXUH$115HVXOWV2QH,QSXW6,(
)LJXUH$115HVXOWV2QH,QSXW506
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Table 4 VXPPDUL]HV WKH HUURU DQDO\VLVZKHUH LW FDQ EH VHHQ WKDW WKH REWDLQHG UHVXOWV
DVFHUWDLQ WKH IHDVLELOLW\ RI WKH SURSRVHG 6,( DV D UHSUHVHQWDWLYH LQSXW IRU WKH $11
PRGHO,WFDQEHVHHQWKDWWKHORZHVWHUURUYDOXHVIRUWKHWKUHHWHVWHGFDVHVDQG
N1UHJLVWHUHGE\WKH$11PRGHOZLWK6,(DVLQSXW)RULQVWDQFH(66IRUWKHORDG
FDVHRIN1ZDVIRXQGWREHXVLQJWKH$11PRGHOZLWK6,(ZKLOVWDQG
ZHUH UHJLVWHUHG E\$11PRGHOZLWK WZR LQSXW DQG E\$11PRGHOZLWK506
UHVSHFWLYHO\$OVRLQWHUHVWLQJO\REVHUYDWLRQVZHUHWKDWVRPHQHJDWLYHHUURUYDOXHVZHUH
UHFRUGHGE\GLIIHUHQW$11PRGHOVfigures 15 to 177KHVHQHJDWLYHYDOXHVLPSO\WKDW
WKH$11PRGHOVKDYHRYHUHVWLPDWHGWKH58/5HVXOWVDOVRVKRZHGWKDWWKHPD[LPXP
figure 15. 
           LVWKHFXUUHQWWLPHDWZKLFKWKH58/LVHVWLPDWHG5HVXOWVIURP$11DQDO\VLV
DUH GHWDLOHG LQ figures 15 to 17 and table 4 %\ YLVXDOO\ LQVSHFWLQJ WKH SORWV LW FDQ
REYLRXVO\EHREVHUYHGWKDW WKHSUHGLFWLRQVPDGHE\WKH$11PRGHOZLWKRQO\6,(DV
LQSXWDUHDOPRVWFRQFHQWUDWHGDURXQGWKHDFWXDO58/OLQHDSHUIHFWDOLJQPHQWZLWKWKH
OLQHZRXOGLQGLFDWHDORZ6X 6TXDUH(UURU(66DQGWKXVDQLGHDOSHUIHFWSUHGLFWLRQ
ZKLOVWREYLRXVGLIIHUHQFHDQGSRRUSHUIRUPDQFHE\WKH$11PRGHOXVHG506RQO\DV
LQSXWZDVREVHUYHG VHH figure 17$OVRZDV QRWHG WKDW WKH SHUIRUPDQFH RI WKH$11
PRGHO ZLWK WZR LQSXWV 6,( DQG 506 KDV EHHQ LQIOXHQFHG E\ WKH 506 YDOXHV VHH
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SUHGLFWLRQ HUURU  KDV RFFXUUHG LQ WKH ORDG FDVH RI  N1 XVLQJ$11PRGHO
ZLWK506DVLQSXW
7DEOH(UURU5HVXOWV
 &21&/86,21
%HDULQJ UXQWRIDLOXUH WHVWV XQGHU JUHDVH VWDUYDWLRQ FRQGLWLRQV ZHUH VXFFHVVIXOO\
SHUIRUPHG7KHVHWHVWVGHPRQVWUDWHGWKHDSSOLFDELOLW\RI$(LQGHWHFWLQJFUDFNLQLWLDWLRQ
DQG SURSDJDWLRQ RQ EHDULQJ FDJHV ZKLOVW LQ RSHUDWLRQ 7KH IRXU FDVHV SUHVHQWHG DUH
UHSUHVHQWDWLYH RI RWKHU WHVWV SHUIRUPHG LQ WKLV VWXG\ DQG VKRZ WKDW WKHUH LV D FOHDU
FRUUHODWLRQ EHWZHHQ LQFUHDVLQJ $( HQHUJ\ OHYHOV DQG WKH QDWXUDO SURSDJDWLRQ DQG
IRUPDWLRQ RI EHDULQJ GHIHFWV 7KH VWXG\ GHPRQVWUDWHG WKDW $( SDUDPHWHUV VXFK DV
HQHUJ\ DUHPRUH UHOLDEOH UREXVW DQG VHQVLWLYH WR WKHGHWHFWLRQRI LQFLSLHQW FUDFNV DQG
VXUIDFHVSDOOVLQVORZVSHHGEHDULQJWKDQYLEUDWLRQDQDO\VLV



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58/ IRU VORZ VSHHG EHDULQJ XQGHU VWDUYHG OXEULFDQW FRQWDFW FRQGLWLRQV ZDV DOVR
VXFFHVVIXOO\HVWLPDWHGXVLQJVXSHUYLVHGPDFKLQHOHDUQLQJWHFKQLTXHV,WZDVVKRZQWKDW
WKHSURSRVHG$11PRGHOZLWK%DFN3URSDJDWLRQOHDUQLQJFRXOGDFFXUDWHO\HVWLPDWHWKH
58/IRUVORZVSHHGEHDULQJV,WFDQEHFRQFOXGHGWKDWWKHXVHRI$11DVHDUO\DODUP
WRROV QRW RQO\ PLQLPL]HV WKH ZDVWHIXO PDFKLQH GRZQWLPH EXW DOVR WKH XQWLPHO\
UHSODFHPHQWRIFRPSRQHQWV7KHVWXG\DOVRVKRZHG WKDWWKHFRQWLQXRXVPRQLWRULQJRI
EHDULQJV HPSOR\LQJ D WHFKQLTXH VXFK DV WKH6,(ZRXOGRIIHU WKHRSHUDWRUD UHODWLYHO\
PRUH VHQVLWLYH WRRO IRU REVHUYLQJ KLJK WUDQVLHQW W\SH DFWLYLW\ 7KLV VWXG\ FDQ EH
FRQVLGHUHG DV WKH ILUVW LQYHVWLJDWLYH VWHS VLQFH LW FRQFHUQV D VLQJOH DSSOLFDWLRQ RI WKH
SURSRVHGPRGHOV$11WRDVSHFLILFWHVWULJDQGWRXQLTXHVSHFLPHQVDQGWKHUHIRUHLWV
HIIHFWLYHQHVV ERWK WHFKQLFDOO\ DQG HFRQRPLFDOO\ KDV WR EH SURYHG ZLWK IXUWKHU
LQYHVWLJDWLRQV
For Peer Review
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/LIH 3UHGLFWLRQ IRU$LUFUDIW (QJLQH %HDULQJ 3URJQRVLV $QQXDO &RQIHUHQFH RI WKH
3URJQRVWLFVDQG+HDOWK0DQDJHPHQW6RFLHW\
 6KDR<1H]X.3URJQRVLVRI5HPDLQLQJ%HDULQJ/LIH8VLQJ1HXUDO1HWZRUNV
3URFHHGLQJVRI WKH ,QVWLWXWLRQRI0HFKDQLFDO(QJLQHHUV3DUW ,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 *HEUDHHO 1 /DZOH\ 0 /LX 5 3DUPHVKZDUDQ 9 5HVLGXDO /LIH 3UHGLFWLRQV
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
Page 20 of 40
http://mc.manuscriptcentral.com/shmij
Structural Health Monitoring
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review

 6XWULVQR(2K+9DVDQ$663HFKW0(VWLPDWLRQRI5HPDLQLQJ8VHIXO/LIH
RI %DOO %HDULQJV 8VLQJ 'DWD 'ULYHQ 0HWKRGRORJLHV 3URJQRVWLFV DQG +HDOWK
0DQDJHPHQW 3+0 ,((( &RQIHUHQFH '2, ,&3+0

 *RHEHO.6DKD%6D[HQD$$&RPSDULVRQRI7KUHH'DWD'ULYHQ7HFKQLTXHV
IRU 3URJQRVWLFV QG 0HHWLQJ RI WKH 6RFLHW\ IRU 0DFKLQHU\ )DLOXUH 3UHYHQWLRQ
7HFKQRORJ\
.LP +( 7DQ $ && 0DWKHZ - .LP ( < + &KRL %. 0DFKLQH
3URJQRVWLFV %DVHG RQ +HDOWK 6WDWH (VWLPDWLRQ 8VLQJ 690 3URFHHGLQJV RI UG
:RUOG &RQJUHVV RQ (QJLQHHULQJ $VVHW 0DQDJHPHQW DQG ,QWHOOLJHQW 0DLQWHQDQFH
6\VWHPV&RQIHUHQFH9ROXPH
7LDQ = $Q $UWLILFLDO 1HXUDO 1HWZRUN 0HWKRG IRU 5HPDLQLQJ 8VHIXO /LIH
3UHGLFWLRQ RI (TXLSPHQW 6XEMHFW WR &RQGLWLRQ 0RQLWRULQJ -RXUQDO RI ,QWHOOLJHQW
0DQXIDFWXULQJ6SULQJHU,6619ROXPH,VVXH2QOLQH
%HQ$OL - &KHEHO0RUHOOR % 6DLGL /0DOLQRZVNL 6 )QDLHFK ) $FFXUDWH
%HDULQJ 5HPDLQLQJ 8VHIXO /LIH 3UHGLFWLRQ %DVHG RQ :HLEXOO 'LVWULEXWLRQ DQG
$UWLILFLDO 1HXUDO 1HWZRUN 0HFKDQLFDO 6\VWHPV DQG 6LJQDO 3URFHVVLQJ 9ROXPHV
±
7RERQ0HMLD '$ 0HGMDKHU . =HUKRXQL 1 7ULSRW * (VWLPDWLRQ RI WKH
UHPDLQLQJ XVHIXO OLIH  E\ XVLQJ :DYHOHW 3DFNHW 'HFRPSRVLWLRQ DQG +00V
$HURVSDFH&RQIHUHQFH,((('2,$(52
/RXWDV 7+ 5RXOLDV ' *HRUJRXODV * 5HPDLQLQJ 8VHIXO /LIH (VWLPDWLRQ LQ
5ROOLQJ%HDULQJV8WLOL]LQJ'DWD'ULYHQ3UREDELOLVWLF(6XSSRUW9HFWRUV5HJUHVVLRQ
,(((7UDQVDFWLRQV2Q5HOLDELOLW\9ROXPH,VVXH
0ED ' 5DR 5%.1 'HYHORSPHQW RI $FRXVWLF (PLVVLRQ 7HFKQRORJ\ IRU
&RQGLWLRQ 0RQLWRULQJ DQG 'LDJQRVLV RI 5RWDWLQJ 0DFKLQHV %HDULQJV 3XPSV
*HDUER[HV (QJLQHV DQG 5RWDWLQJ 6WUXFWXUHV 7KH 6KRFN DQG 9LEUDWLRQ 'LJHVW

Page 21 of 40
http://mc.manuscriptcentral.com/shmij
Structural Health Monitoring
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review

-DPDOXGLQ 1 0ED ' %DQQLVWHU 5+ &RQGLWLRQ 0RQLWRULQJ RI 6ORZ6SHHG
5ROOLQJ(OHPHQW%HDULQJV8VLQJ6WUHVV:DYHV3URFHHGLQJVRIWKH,0(&+(3DUW(
-RXUQDORI3URFHVV0HFKDQLFDO(QJLQHHULQJ9ROXPH,VVXH
0RUKDLQ $ 0ED ' %HDULQJ 'HIHFW 'LDJQRVLV DQG $FRXVWLF (PLVVLRQ
3URFHHGLQJVRIWKH,0(&+(3DUW--RXUQDORI(QJLQHHULQJ7ULERORJ\9ROXPH
,VVXH
$O*KDPGL $0 0ED ' $ &RPSDUDWLYH ([SHULPHQWDO 6WXG\ RQ WKH 8VH RI
$FRXVWLF (PLVVLRQ DQG 9LEUDWLRQ $QDO\VLV IRU %HDULQJ 'HIHFW ,GHQWLILFDWLRQ DQG
(VWLPDWLRQRI'HIHFW6L]H0HFKDQLFDO6\VWHPVDQG6LJQDO3URFHVVLQJ9ROXPH
,VVXH
0LHWWLQHQ - 3DWDQLLWW\ 3 $FRXVWLF (PLVVLRQ LQ 0RQLWRULQJ ([WUHPHO\ 6ORZO\
5RWDWLQJ5ROOLQJ%HDULQJ3URFHHGLQJVRIWK,QWHUQDWLRQDO&RQJUHVVRQ&RQGLWLRQ
0RQLWRULQJDQG'LDJQRVWLF(QJLQHHULQJ0DQDJHPHQW&20$'(0(QJODQG
&KRXGKXU\ $ 7DQGRQ1 $SSOLFDWLRQ RI$FRXVWLF (PLVVLRQ7HFKQLTXH IRU WKH
'HWHFWLRQRI'HIHFWVLQ5ROOLQJ(OHPHQW%HDULQJV7ULERORJ\,QWHUQDWLRQDO9ROXPH
,VVXH
3ULFH (' /HHV $: )ULVZHOO 0, 'HWHFWLRQ RI 6HYHUH 6OLGLQJ DQG 3LWWLQJ
)DWLJXH:HDU5HJLPHV7KURXJKWKHXVHRI%URDGEDQG$FRXVWLF(PLVVLRQ,0HFK(
-RXUQDO RI (QJLQHHULQJ 7ULERORJ\ '2, ; 9ROXPH 
,VVXH
<RVKLRND 7 'HWHFWLRQ RI 5ROOLQJ &RQWDFW 6XEVXUIDFH )DWLJXH &UDFNV 8VLQJ
$FRXVWLF (PLVVLRQ 7HFKQLTXH -RXUQDO RI WKH 6RFLHW\ RI 7ULERORJLVWV DQG
/XEULFDWLRQ(QJLQHHUV9ROXPH,VVXH
(OIRUMDQL 0 0ED ' 0RQLWRULQJ WKH 2QVHW DQG 3URSDJDWLRQ RI 1DWXUDO
'HJUDGDWLRQ 3URFHVV LQ D 6ORZ 6SHHG 5ROOLQJ (OHPHQW %HDULQJ :LWK $FRXVWLF
(PLVVLRQ-RXUQDORI9LEUDWLRQDQG$FRXVWLFV'2,
(OIRUMDQL 0 0ED ' 'HWHFWLQJ WKH 2QVHW 3URSDJDWLRQ DQG /RFDWLRQ RI 1RQ
$UWLILFLDO 'HIHFWV LQ D 6ORZ 5RWDWLQJ 7KUXVW %HDULQJ ZLWK $FRXVWLF (PLVVLRQ
Page 22 of 40
http://mc.manuscriptcentral.com/shmij
Structural Health Monitoring
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review

,QVLJKW 1RQ'HVWUXFWLYH 7HVWLQJ DQG &RQGLWLRQ 0RQLWRULQJ '2,
LQVL
(OIRUMDQL00ED'&RQGLWLRQ0RQLWRULQJRI6ORZ6SHHG6KDIWV DQG%HDULQJV
ZLWK$FRXVWLF(PLVVLRQ6WUDLQ'RLM[
(OIRUMDQL 0 0ED ' $FFHOHUDWHG 1DWXUDO )DXOW 'LDJQRVLV LQ 6ORZ 6SHHG
%HDULQJV ZLWK $FRXVWLF (PLVVLRQ (QJLQHHULQJ )UDFWXUH 0HFKDQLFV 9ROXPH 
,VVXH
0XUSK\3.0DFKLQH/HDUQLQJ$3UREDELOLVWLF3HUVSHFWLYH0,73UHVV
/LYLQJVWRQH-'$UWLILFLDO1HXUDO1HWZRUNV0HWKRGVDQG$SSOLFDWLRQV+XPDQD
3UHVV(GLWLRQ
+RSJRRG$$ ,QWHOOLJHQW6\VWHPV IRU(QJLQHHUV DQG6FLHQWLVWV&5&3UHVV QG
(GLWLRQ
+HDWRQ-$UWLILFLDO,QWHOOLJHQFHIRU+XPDQV9ROXPH'HHS/HDUQLQJDQG1HXUDO
1HWZRUNV&UHDWH6SDFH,QGHSHQGHQW3XEOLVKLQJ3ODWIRUP
$SROORQL % %DVVLV 6 0DULQDUR 0 $SROORQL % 1HZ 'LUHFWLRQV LQ 1HXUDO
1HWZRUNV WK ,WDOLDQ :RUNVKRS RQ 1HXUDO 1HWZRUNV :,51 )URQWLHUV LQ
$UWLILFLDO,QWHOOLJHQFHDQG$SSOLFDWLRQV9ROXPH







Page 23 of 40
http://mc.manuscriptcentral.com/shmij
Structural Health Monitoring
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review







)LJXUH7HVW%HDULQJ

)LJXUH7HVW5LJ/D\RXW
Page 24 of 40
http://mc.manuscriptcentral.com/shmij
Structural Health Monitoring
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review


)LJXUH7HVW&RQGLWLRQV&DVH,/RDGN1

)LJXUH7HVW&RQGLWLRQV&DVH,,/RDGN1



Page 25 of 40
http://mc.manuscriptcentral.com/shmij
Structural Health Monitoring
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review

)LJXUH7HVW&RQGLWLRQV&DVH,,,/RDGN1

)LJXUH7HVW&RQGLWLRQV&DVH,9/RDGN1
Page 26 of 40
http://mc.manuscriptcentral.com/shmij
Structural Health Monitoring
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review


)LJXUH6XUIDFH'DPDJHRQWKH%HDULQJ&DJH

Page 27 of 40
http://mc.manuscriptcentral.com/shmij
Structural Health Monitoring
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review


)LJXUH$(:DYHIRUPVDVVRFLDWHGZLWKN1/RDG2QVHW5LVHRI$(/HYHOV
XQWLOWKH7HUPLQDWLRQ


Page 28 of 40
http://mc.manuscriptcentral.com/shmij
Structural Health Monitoring
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review

7DEOH&RUUHODWLRQ$QDO\VLV
3HDUVRQ
V3URGXFW0RPHQW&RUUHODWLRQ
)HDWXUH WWHVW SYDOXH &RQILGHQFH
,QWHUYDO
&RUUHODWLRQ&RHIILFLHQW
6,(  [  


)LJXUH$FWXDODQG)LWWHG6,(
Page 29 of 40
http://mc.manuscriptcentral.com/shmij
Structural Health Monitoring
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review


)LJXUH$FWXDODQG)LWWHG506
7DEOH(VWLPDWHG&RQVWDQWVIRUWKH([SRQHQWLDO0RGHO
/RDG
N1
6,(  506
\R D E [R  \R D E [R
         
         
         
         
7DEOH*OREDO*RRGQHVVRI)LWIRUWKH([SRQHQWLDO0RGHO
/RDG
N1
6,(  506
5 DGM5  5 DGM5
     
     
     
     
Page 30 of 40
http://mc.manuscriptcentral.com/shmij
Structural Health Monitoring
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review


)LJXUH6FKHPDWLFRIWKH3URSRVHG$110RGHO










Page 31 of 40
http://mc.manuscriptcentral.com/shmij
Structural Health Monitoring
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
Fo
r P
ee
r R
ev
iew
Pa
ge
 3
2 
of
 4
0
ht
tp
://
m
c.
m
an
us
cr
ip
tc
en
tr
al
.c
om
/s
hm
ij
St
ru
ct
ur
al
 H
ea
lth
 M
on
ito
rin
g
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49
Fo
r P
ee
r R
ev
iew



)L
JX
UH

$
11
6W
UX
FWX
UH
7
ZR
,Q
SX
WV
50
6	
6,
(

Pa
ge
 3
3 
of
 4
0
ht
tp
://
m
c.
m
an
us
cr
ip
tc
en
tr
al
.c
om
/s
hm
ij
St
ru
ct
ur
al
 H
ea
lth
 M
on
ito
rin
g
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49
Fo
r P
ee
r R
ev
iew



)L
JX
UH

$
11
6W
UX
FWX
UH
2
QH
,Q
SX
W6
,(

Pa
ge
 3
4 
of
 4
0
ht
tp
://
m
c.
m
an
us
cr
ip
tc
en
tr
al
.c
om
/s
hm
ij
St
ru
ct
ur
al
 H
ea
lth
 M
on
ito
rin
g
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49
Fo
r P
ee
r R
ev
iew



)L
JX
UH

$
11
6W
UX
FWX
UH
2
QH
,Q
SX
W5
0
6

Pa
ge
 3
5 
of
 4
0
ht
tp
://
m
c.
m
an
us
cr
ip
tc
en
tr
al
.c
om
/s
hm
ij
St
ru
ct
ur
al
 H
ea
lth
 M
on
ito
rin
g
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49
For Peer Review
Page 36 of 40
http://mc.manuscriptcentral.com/shmij
Structural Health Monitoring
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review


)LJXUH$115HVXOWV7ZR,QSXWV506	6,(


Page 37 of 40
http://mc.manuscriptcentral.com/shmij
Structural Health Monitoring
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review


)LJXUH$115HVXOWV2QH,QSXW6,(


Page 38 of 40
http://mc.manuscriptcentral.com/shmij
Structural Health Monitoring
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review


)LJXUH$115HVXOWV2QH,QSXW506


Page 39 of 40
http://mc.manuscriptcentral.com/shmij
Structural Health Monitoring
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For Peer Review

7DEOH(UURU5HVXOWV
0RGHO,QSXWV
(UURU
(66  0D[
N1 N1 N1

 N1 N1 N1
506	6,(       
6,(       
506       

Page 40 of 40
http://mc.manuscriptcentral.com/shmij
Structural Health Monitoring
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
View publication stats
